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Abstract
Five designs of imbricate scale armour features for stab-resistant applica-
tion were printed via fused deposition modelling process. Stab test on these 
designs against the HOSDB KR1-E1 stab-resistant body armour standard with 
impact energy of 24 Joules was conducted. The stab test was conducted on a 
number of samples measured thicknesses ranging from 4.0 to 10.0 mm by using 
Instron CEAST 9340 Drop Impact Tower to determine a minimum thickness 
that resulted in a knife penetration through the underside of sample which does 
not exceed the maximum penetration permissibility of 7.0 mm. Materials used 
for the samples were ABS-M30 and PC-ABS. Finally, one of the designs which 
offered the highest knife penetration resistance was selected. The results show 
that PC-ABS samples provide less shattering and lower overall knife penetration 
depth in comparison with ABS-M30. PC-ABS stab test demonstrated a minimum 
thickness of 8.0 mm, which was the most adequate to be used in the develop-
ment of FDM manufactured body armour design features. Lastly, the design 
feature of D5 has shown to exhibit the highest resistance to the knife penetra-
tion due to the penetration depth of 3.02 mm, which was the lowest compared to 
other design features.
Keywords: fused deposition modelling, stab resistant, body armour, design features
1. Introduction
Sharp force injury is a common threat that police officers encounter since they 
involve in a wide range of duties from general, daily, patrol activities to specific 
criminal activities such as narcotic investigation [1, 2]. Stab resistant body armour 
has been increasingly used by the law enforcement and corrections officers in the 
European and Asian countries where more likely involve violent knife crimes due to 
tight restrictions on gun ownership [3].
In the United States, data released by the Federal Bureau of Investigation have 
shown that the law enforcement officers killed by handgun, rifle and shotgun 
occupied the highest percentage from 2005 to 2014 [4]. About 0.4% of the law 
enforcement officers were killed by knife or other cutting instruments, as compared 
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to other threats [4]. Despite the mortality rate caused by knife or other cutting tools 
was low, the stab resistant body armour has some practical and commercial experi-
ence in current service of the police forces [5].
The stab resistant body armour can be made from a range of materials, from 
traditional solutions, which are relatively heavy and provide little penetrate 
resistance, to the modern body armour made of ceramic, polycarbonate or ara-
mid fibres which provide excellent stab protection, but are bulky, inflexible and 
uncomfortable to wear [6]. In an effort to reduce these limitations, the manu-
facture of stab resistant body armour must adhere to a series of internationally 
recognised test standards. According to the British HOSDB 2007 standard against 
knives and spikes, the knife should not penetrate more than 7 mm at the E1 press 
and 20 mm at the E2 press.
Besides, a number of studies were performed to reduce the weight of body 
armour and improve its flexibility. Stab resistance of modern armour was 
undoubtedly improved through implementation of modern standards, but 
historical issues such as comfort issues that causes thermal stress, poor fitting 
of armour hindering the body movement of wearers and affecting their work 
performance, etc. continue to exist with many of the current armour protection 
solutions [7, 8].
However, one of the alternative manufacturing technologies, the additive 
manufacturing (AM), has been increasingly implemented in a range of novel 
applications for customised clothing and high-performance textiles [9]. AM is an 
approach in which parts are designed in 3D CAD data and built by stacking mate-
rial in layers [10]. AM technology allows the creation of complex geometries with 
reduced production time and cost, as well as the frequency of human intervention, 
which would be virtually difficult or impossible to produce via the traditional 
manufacturing processes such as injection moulding and milling. This technology 
presents an opportunity to design and develop novel solutions for conventional and 
high-performance textile applications because of their ability in generating geomet-
ric complexity and functionality as available from conventional fibre-based textiles 
[9]. Textile structures realised via AM techniques have received increasing attention 
since the previous decade. However, this solution is yet to be widely explored in an 
attempt to overcome the body armour issues. There are a range of AM techniques 
available in the market, including stereolithography apparatus (SLA), selective laser 
sintering (SLS), three-dimensional printing (3DP), and fused deposition modelling 
(FDM). However, FDM is the most widely used technique among these AM pro-
cesses due to its simplicity and flexibility in manufacturing pure plastic parts with 
low cost, minimal wastage, and ease of material change [11, 12], which was first 
established by the Stratasys.
The world’s first 3D conformal seamless AM textile garment was designed and 
manufactured by Bingham using Laser Sintering (LS) system [9]. The applica-
tions of AM textiles mostly via LS and 3D printer, especially in the field of fashion 
design, continue to increase. In addition, Johnson [13] attempted to address the 
issues that continue to exist with many current protective solutions in the body 
armour through AM. In their study, LS was adopted to develop stab resistant 
test samples for body armour. Browning [14] studied the structure of composite 
elasmoid type scales by measuring the mechanical response to blunt and penetrat-
ing indentation loading. In their study, additive manufactured model produced by 
using Fused Deposition Modelling technique was used only to mimic the feature of 
fish scale. However, there is no study about the creation of additive manufactured 
textiles via FDM system for stab resistant body protective armour with improved 
comfort ability and reduced weight.
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2. Methodology
The aim of this research is to investigate the possibility of manufacturing stab 
resistant body armour samples via AM technology, specifically FDM. It is antici-
pated that the use of FDM can overcome the complexity in designing and manufac-
turing of stab resistant body armour, as well as reducing the weight and increasing 
the manoeuvrability of the body armour. The main objectives of the research are to 
investigate the feasibility of using FDM system to print the samples for stab resis-
tance test; to design imbricated textile assembly with different design features; and 
to determine the results in terms of stab resistant performance under knife impact 
of 24 Joules according to the British HOSDB 2007 standard against knives and 
spikes impact.
2.1 Material used
Three stab tests were performed. Firstly, stab test was performed on planar 
samples measured thicknesses ranging from 4.0 to 6.0 mm, increasing in 1.0 mm 
increments fabricated with two different materials ABS-M30 and PC-ABS, 
respectively, in order to determine the most suitable material for the further stab 
resistance test and the stab resistant of this thickness range. Further stab test was 
performed on the selected material with higher range of thicknesses, which is from 
7.0 to 10.0 mm, increasing in 1.0 mm increments mainly due to the previous thick-
ness range that has failed to prevent the knife from being penetrated through the 
underside of the planar samples.
Furthermore, five different design features of the body armour were generated 
based on the combined knowledge of various design features which can be found in 
the natural biological body armour solutions such as animals and plants. In the end, 
one of the designs that provides the highest protection was selected—with the knife 
penetrated underneath the specimens was the lowest among all the designs. All five 
designs were designed mainly based on the inspiration of the hierarchal arrangement 
of elasmoid scales, which is regarded can offer high flexibility and provide multiple 
levels of protection to penetration [15, 16], as well as integrated with the design 
geometries of the other scales, as summarised in Table 1. Each scale assembly was 
formed via hinging connection features, which is inspired by the scale-based armour 
patents, in order to allow the scales to freely move among each other.
Table 2 shows the cross section of D1 which has been initially constructed with 
an assembly angle of 20°, while the individual scale thickness was 8.0 mm to ensure 
that minimum thickness established for the assembly was at least or not smaller 
than the minimum requirement of FDM printed sample—8.0 mm. Combining both 
thickness and assembly angle, a minimum cross-sectional thickness of 8.51 mm 
was achieved for D1. Scale thickness of D2 was reduced from 8.0 to 4.0 mm in 
an attempt to lower the total armour thickness and total assembly height of the 
following assemblies. Such reduction of scale thickness can be referred to the design 
features of elasmoid scales which informed that a scale thickness at the overlap-
ping region is measured twice less than the thickness measured at the exposed 
region to form a multi-layered architecture [17]. To do this, the overlapping angle 
of individual scale element should be minimised to allow the formation of multi-
layered overlapping layout. Browning [14] concluded that the scale armour featured 
imbricate scale assembly angle in between 10 and 20° able to offer higher flexibility 
and better protection due to the multi-layered structure and potentially to reduce 
back face deformation. The range of 10–20° assembly angle increasing 1° increments 
were therefore investigated, as shown in Table 3.
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Design Image Description
D1 This design was generated based on the 
inspiration that combined the design 
features of both the ancient Roman Lorica 
Squamata, which mimicked the design 
of natural elasmoid scale armour to allow 
a greater movement between the scale 
elements and potentially offer a high 
mobility to the wearer.
D2 This design was constructed with a 
thickness of 4.0 mm base scale element 
featuring a central protrusion along the 
top surface of each scale element, which is 
inspired by the geometric characteristic of 
the placoid and osteoderms. The purpose 
of using such structural feature was to 
eliminate the weakness found in between 
the overlapped scale elements.
D3 This design was created based on the 
design feature of elasmoid scale, which has 
different thicknesses at both overlapped 
and exposed regions. The exposed region 
of each planar scale was extruded with 
a hexagonal-shaped geometry from the 
top surface to encourage interlinking 
and manoeuvrability between individual 
elements and to assist in creating a multi-
layered structure across the assembly.
D4 This design was designed with a thinner 
central protrusion along the top surface 
and gradually reducing closer to the edge 
of scales. Besides, an additional base plate 
extruded from the bottom of each scale 
element. Such design feature was inspired 
by combining the designs from both of the 
placoid scales and osteoderms, in order to 
eliminate the weakness found in between 
the overlapped scale element and, at the 
same time, to enhance the protective 
performance from all degrees.
D5 This design was designed in opposition to 
the idea of D4 by adding a wider central 
protrusion at the bottom part of each scale 
element and an additional rectangular 
plate on their top surfaces, in an attempt to 
resist the penetration of knife.
Table 1. 
Comparisons of five different design features.
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Based on the investigation of each assembly angle, the assembly angle that does 
not provide the imbricate scale assembly a minimum of 8.0 mm thickness or above 
will not be further considered in developing the other designs. Table 3 highlights 
that a minimum thickness of 8.62 mm was obtained at the assembly angle of 13°, 
which fulfilled the requirement of minimum 8.0 mm thickness. The maximum 
thickness for the assembly overlapped at this angle was also established at a value 
of 8.62 mm. Besides, armour samples that designed with this assembly angle should 
be able to provide higher protection than D1 since the imbrication factor (Kd) was 
lower. Figure 1 shows the section views of all designs, stab points, minimum thick-
nesses and total heights.
All the test samples were manufactured via Stratasys Fortus 400 MC which 
can provide higher quality of products. Figure 2 shows the examples of PC-ABS 
material planar samples, and Figure 3 shows the imbricate scale armour that was 
printed. It has to be noted that the creation of all designs must be considered on the 
FDM design guide to avoid part failure when building with FDM system. Table 4 
θ 
 Min. 
Thickness 
Total 
assembly 
height 
Overlap distance 
Max. 
Thickness 
Assembly 
angle, θ (°)
Total 
assembly 
height (mm)
Overlap 
distance 
(mm)
Minimum 
thickness 
(mm)
Maximum 
thickness 
(mm)
Imbrications 
factor (Kd)
20 24.97 23.41 8.51 17.45 0.585
Table 2. 
Cross section of D1.
Assembly 
angle (°)
Overlap 
distance 
(mm)
Minimum 
thickness (mm)
Maximum 
thickness (mm)
Imbrications 
factor (Kd)
20 12.09 11.34 13.62 0.302
19 12.78 8.88 13.54 0.320
18 13.54 8.83 13.46 0.339
17 14.39 8.78 13.38 0.360
16 15.34 8.74 13.33 0.384
15 16.42 8.70 13.25 0.411
14 17.65 8.66 13.19 0.441
13 19.06 8.62 8.62 0.465
12 20.70 4.09 8.59 0.518
11 22.64 4.07 8.56 0.566
10 24.95 4.06 8.53 0.624
Table 3. 
Investigation of assembly angle at 10–20°.
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shows the process parameters used in printing the test samples. Both planar and 
imbricate test samples were printed with solid part interior fill to avoid from easily 
being penetrated by the knife. These samples were also built in 0° orientation 
and with wall thickness, that is, more than twice the layer thickness, in order to 
produce samples that have higher strength and impact resistance, and at the same 
time to minimise the height of printing which will affect the build time. However, 
build parameters such as raster angle, raster width and air gap, applied for both the 
materials were set to the default value.
Stab test was conducted using Instron CEAST 9340 Drop Tower (Figure 4) and 
securely installed with HOSDB standardised knife blade which dropped in the same 
direction of gravity during the stab test. By considering this, the stab test was per-
formed at HOSDB KR1 with stab impact energy at E1 in the research; the acceptable 
blade penetration protruding through the underside of each test sample must not 
exceed a maximum penetration of 7.0 mm. In order to fulfil the requirements at this 
stab energy level, the parameters that include drop height and drop velocity need to be 
determined prior the stab test, as summarised in Table 5. Additionally, all these tests 
were conducted under an ambient temperature of 23°C with a relative humidity of 50%.
Figure 1. 
Section view of all designs.
Figure 2. 
Planar sample.
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Figure 3. 
Imbricate sample.
Figure 4. 
Instron CEAST 9340 drop tower impact system.
Parameters Unit ABS-M30 PC-ABS
Layer thickness mm 0.254 0.254
Tip size mm T16 T16
Raster angle ° 45 45
Raster width mm 0.014 0.014
Air gap mm 0 0
Fill % 100 100
Maximum build temperature °C 325 335
Filament colour — white black
Table 4. 
Build parameters for ABS-M30 and PC-ABS materials.
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3. Results and discussion
Knife penetration depth occurred within the ABS-M30 and PC-ABS specimens 
measured with thickness groups ranging from 4.0 to 6.0 mm were significantly 
higher than the maximum allowable penetration of 7.0 mm, which indicates that 
this range was not suitable to be used for further armour designs. For ABS-30, 
samples measured with thicknesses of 4.0 and 5.0 mm were shattered into two 
pieces (Figure 5) and allowed a deep blade penetration into the backing clay. The 
measurement of knife penetration through the underside of these specimens was 
unpredictable since the samples were broken into pieces. However, the 5.00/3 
sample was only punctured by the knife blade and caused a piece of small frag-
ment broken from the underside of the specimen with a knife penetration depth 
of 20.10 mm, as documented in Table 6. The knife blade punctured through the 
6.0 mm thick specimens does not cause any shatter to the sample, however the 
penetration depth occurred in the 6.00/3 sample was measured as 6.32 mm which 
has satisfied the allowable limit of knife penetration depth as defined in the HOSDB 
KR1-E1. The knife blade has pierced through the specimen and caused the underside 
Test requirements at KR1-E1 Units Value settings
Stab impact energy Joules 24 ± 0.5
Total drop mass kg 3.226
Drop height m 0.758
Drop velocity m/s 3.86
Maximum blade penetration mm 7.0
Table 5. 
Experimental requirements of stab test at KR1-E1.
Figure 5. 
Knife penetration of ABS test specimens.
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of specimen to crack from the stabbed region. However, it has to be noted that all 
the three 6.0 mm thick ABS-M30 specimens were forced deeply into the backing 
clay as compared to the other thickness group samples.
Table 7 shows the knife penetration depth measured from the underside surface 
of the PC-ABS planar samples measured thicknesses ranging from 4.0 to 6.0 mm. 
All samples failed to withstand the knife penetration since all the recorded penetra-
tion depth were higher than the maximum permissibility of 7.0 mm. However, 
total cases of shattering occurred in the PC-ABS were much less than the ABS-M30 
since only two of the 4.0 mm thick PC-ABS samples (Figure 6) were shattered and 
demonstrated unmeasurable knife penetration.
Mean knife penetration depth of 6.0 mm thick ABS-M30 specimens was signifi-
cantly lower than the PC-ABS specimens, with a difference of 5.67 mm, in spite of 
the mean knife penetrations occurred in both 6.0 mm thick ABS-M30 and PC-ABS 
samples were higher than the maximum permissibility of 7.0 mm. In that case, the 
stab resistance of the materials was further determined through the force/displace-
ment traces of the impact event, and kinetic energy absorbed by the target samples 
measured 6.0 mm. Figure 7 demonstrated the force/displacement traces of the 
impact event on the ABS-30 and PC-ABS target samples measured with thickness of 
6.0 mm, respectively. The peak force values for the PC-ABS specimens in sequence 
order were approximately 0.992 kN, 0.918 kN and 0.987 kN, respectively, whereas 
Test Specimen ID Failure mode Penetration depth (mm) Result
1 6.00/1 Punctured 13.30 Fail
2 6.00/2 Punctured 9.65 Fail
3 6.00/3 Punctured 6.32 Pass
4 5.00/1 Shattered — Fail
5 5.00/2 Shattered — Fail
6 5.00/3 Punctured 20.10 Fail
7 4.00/1 Shattered — Fail
8 4.00/2 Shattered — Fail
9 4.00/3 Shattered — Fail
Table 6. 
Stab test result of ABS-M30 test specimens.
Test Specimen ID Failure mode Penetration depth (mm) Result
1 6.00/1 Punctured 14.96 Fail
2 6.00/2 Punctured 16.08 Fail
3 6.00/3 Punctured 15.23 Fail
4 5.00/1 Punctured 21.88 Fail
5 5.00/2 Punctured 20.06 Fail
6 5.00/3 Punctured 21.07 Fail
7 4.00/1 Punctured 39.40 Fail
8 4.00/2 Shattered — Fail
9 4.00/3 Shattered — Fail
Table 7. 
Stab test result of PC-ABS test specimens.
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the peak forces occurred in the ABS specimens were 0.890 kN, 0.822 kN and 0.800 
kN, respectively. The force/displacement curves reveal that the maximum value 
of impact load where the failure of PC-ABS specimens began were higher than the 
ABS-M30 specimens. Besides, it can be also noted that the ABS-M30 specimens 
supported the load with longer displacement before completely penetrated as 
compared to the case of PC-ABS.
Impact damage in the FDM manufactured samples is caused by the loss of 
kinetic energy of the knife blade during penetration, so the energy absorption by 
the target specimens can be analysed using the formula,  E ab =  
1
 _
2
m ( v i 
2
 −  v f 
2
 ) , where  E ab is 
the energy absorbed by the target model during knife impact, m is the mass of the 
knife and  v i and  v f is referred to the initial and final velocity of the knife penetration 
[18]. Figure 8 illustrated the energy absorbed by the ABS-M30 and PC-ABS speci-
mens featured with 6.0 mm thickness group.
Figure 6. 
Knife penetration of 4.00 mm test specimens.
Figure 7. 
Force/displacement traces.
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According to the trend shown in Figure 8, the ABS-M30 samples absorbed total 
energies of 23.967, 23.955 and 23.797 Joules, respectively, whereas the energy absorp-
tions by the PC-ABS samples were 23.933, 23.950 and 23.948 Joules, respectively, 
which all were almost same as the available energy. Although the sample 6.00/1 of 
ABS-M30 material appeared to absorb higher stab impact energy than the PC-ABS 
samples, however, the overall mean energy absorption by the ABS-M30 specimens 
was slightly lower compared to the PC-ABS. On the whole, the PC-ABS tends to 
offer higher stab resistance performance than the ABS-M30 against the HOSDB KR1 
E1 impact energy of 24 Joules. In addition, PC-ABS material tends to lock onto the 
knife blade to prevent it from being further penetrated, while the knife blade was 
also difficult to be released from the stabbed specimens. This can be attributed to the 
fracture toughness and impact resistance of PC-ABS; therefore, higher stab impact 
energy is required to pierce and deform it as compared to the ABS-M30 [19, 20].
PC-ABS planar specimens were then further constructed with thicknesses 
ranging from 7.0 to 10.0 mm and stab tested under the similar test conditions as 
previous experiment. The results obtained from this experiment were outlined 
within Table 8. Knife penetration through the underside surface of 7.0 mm thick 
PC-ABS samples was significantly higher than the maximum permissibility of 
7.0 mm. However, the result obtained for 8.0 mm thick specimens was significantly 
reduced to an average depth of 5.47 mm which fulfilled the standard requirement. 
Furthermore, the samples measured thickness of 9.0 mm were only slightly punc-
tured and resulted with a mean knife penetration depth of 2.24 mm. The samples 
measuring such thickness have demonstrated only one strike without knife punc-
tured through the underside of the specimen. However, all of the 10.0 mm thick 
specimens resulted with no knife penetrated beyond the underside surfaces.
Figure 9 shows that the thickness of PC-ABS samples which was smaller than 
8.0 mm provided lack of protection against the knife threat at this level, and it 
can be observed that the knife penetration depth was reduced as the thickness 
of samples increases, which indicates that the stab resistance increases as the 
thickness increases. Nevertheless, the thicknesses of 9.0 and 10.0 mm were not 
recommended to use for the further design activity of body armour via the FDM 
technique. Although these thicknesses provided higher stab resistance than 
Figure 8. 
Energy absorption by specimens measuring 6.00 mm thickness.
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the thickness of 8.0 mm, but the concern was to avoid more weight added to 
the designs of body armour [21, 22]. Therefore, the 8.0 mm thickness was used 
as the minimum requirement in generating the designs of imbricate armour 
features.
Based on the result obtained in the stab test of the five designs, most of the 
stab tests demonstrated successful stab resistance which satisfied the requirement 
of lower than 7.0 mm, as defined within the HOSDB KR1-E1 impact energy of 
24 Joules. However, the D2 and D3 demonstrated negative results to such level of 
impact energy, as demonstrated in Figure 10.
D3 offered the lowest stab resistance with a knife penetration depth which 
was the highest as compared to the other designs. The mean knife penetration 
depth was 12.08 mm which was larger than the HOSDB maximum penetration 
level. The minimum overlapping thickness where the knife punctured was the 
reason that caused the failure in D3 samples since it measured only 8.21 mm 
(Figure 1), which can be considered as the lowest measurement as compared to 
Test Specimen ID Failure mode Penetration depth (mm) Result
1 10.00/1 No failure 0.00 Pass
2 10.00/2 No failure 0.00 Pass
3 10.00/3 No failure 0.00 Pass
4 9.00/1 Punctured 3.83 Pass
5 9.00/2 Punctured 0.00 Pass
6 9.00/3 Punctured 2.89 Pass
7 8.00/1 Punctured 5.32 Pass
8 8.00/2 Punctured 5.24 Pass
9 8.00/3 Punctured 5.84 Pass
10 7.00/1 Punctured 12.01 Fail
11 7.00/2 Punctured 8.11 Fail
12 7.00/3 Punctured 10.45 Fail
Table 8. 
Knife penetration depth of PC-ABS planar specimens.
Figure 9. 
Mean knife penetration depth per thickness group of PC-ABS planar specimens.
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other designs. Mean knife penetration depth resulted in D2 was 7.43 mm, which 
was lower than D3, but D2 did not effectively withstand the knife threat due 
to the knife penetration depth occurred in it was higher than 7.0 mm. On the 
other hand, D1, D4 and D5 demonstrated higher stab resistance to the HOSDB 
KR1-E1 impact energy. On the other hand, D1 provided acceptable level of 
protection with a mean knife penetration of 5.37 mm which was lower than 
7.0 mm. However, this design was not as efficient as the designs of D4 and D5. 
This indicated that reduction in the total thickness of the imbricate structure will 
not reduce the stab resistance of the FDM-manufactured imbricate body armour, 
yet it can also provide more effective protection to the wearer from sustaining 
a life-threatening injury. Furthermore, D4 demonstrated stab resistance which 
was relatively lower than D5, since the mean knife penetration depth of the D4 
specimens was 0.87 mm higher than that resulted in the D5 samples. Figure 11 
shows the test result of D4 specimen.
However, D5 samples demonstrated were most successful to withstand a knife 
threat to the HOSDB KR1 impact energy of 24 Joules since D5 has provided the 
highest stab resistance with a mean knife penetration depth of 3.02 mm which was 
the lowest as compared to the other designs. An individual scale was broken away 
from the D5 assembly as shown in Figure 12 for illustration.
One of the reasons that causes the neighbour scale to be disconnected from the 
assembly was the design feature of assembly link which offered less effort to hold 
the scales tightly. Furthermore, the resistance between the knife blade and speci-
mens has led to the formation of crack from the edges of the target scale. Despite 
one of the neighbour scales was disconnected from the assembly due to the impact 
of knife blade, the design feature of the assembly was able to lock the knife blade 
to resist further penetration into the structure of material. In addition, the stab 
resistance of the D5 will slightly reduce if the knife blade punctures at the front 
part which far away from the higher thickness region since thickness along the 
front part of sample was measured 8.62 mm (Figure 1). Despite the linkage failure 
occurred within D5 samples, the broken and loose pieces will be contained within 
the structure due to the overlapping nature of imbricate design. This may be not 
obviously seen in this experiment as the sample was not a complete body armour 
assembly. More importantly, this phenomenon has not resulted with knife penetra-
tion which is greater than the allowable limit of 7.0 mm and it was also the lowest 
among the designs.
Figure 10. 
Comparison of mean knife penetration depth of the design features.
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4. Conclusion
Stab experimental test was conducted on a range of planar specimens manu-
factured via Stratasys Fortus 400 MC system against HOSDB KR1-E1 impact 
energy of 24 Joules, to decide the selection of material and identify a minimum 
thickness of the FDM-manufactured specimens. It was important to identify the 
minimum thickness of the FDM-manufactured specimens for stab resistance, 
since the minimum thickness was necessary to provide a reference for the design 
of imbricate armour features. The result obtained in the stab test of the planar 
specimens demonstrated that the PC-ABS exhibited higher resistance to the knife 
blade due to the knife penetration depth that occurred in it was lower than the 
ABS-M30. Besides, less specimens manufactured from PC-ABS were shattered as 
compared with the PC-ABS; thus, the PC-ABS samples demonstrated higher levels 
of toughness and were therefore able to absorb the stab impact energy. Meanwhile, 
an optimum minimum thickness of 8.0 mm has been determined for specimens 
manufactured using PC-ABS. Although thicknesses of 9.0 and 10.0 mm have 
Figure 11. 
Stab test result of D4 specimen from (a) top and (b) bottom view.
Figure 12. 
Stab test result of D5 specimen from (a) bottom and (b) side view.
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shown greater stab resistance than the 8.0 mm specimens, these thicknesses should 
not be used to establish the imbricate armour design features since it can increase 
the weight of armour.
Result obtained from the stab test has shown that the D5 design features which 
adopted an extruded plate at the exposed region of overlapping scales and featured 
a central protrusion along the bottom of each scales demonstrated the highest stab 
resistance against the knife penetration with an impact energy of 24 Joules as com-
pared to the other designs. The knife penetration depth measured from this design 
was only 3.02 mm. Despite one of the neighbour scales was disconnected from the 
assembly due to the impact of knife blade, the design feature of the assembly was able 
to lock the knife blade to resist further penetration into the structure of material.
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